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ZniMport  of  Motor  V^por  bj  Eddj  Oiffusien  In  Coatlnontol 
Air  UOMoo  riocdDs  ooor  Coostal  Uotoro 
Sopt.  23,  1947  to  Nor.  16,  1948 

by 

Androv  F.  Dunicor 

Abotroet 

ttoaourononto  of  tho  troaoport  of  wotor  ropor  In  tho  turboLoiit 
lagror  of  tlie  otoneptiOM  hart  boon  aada  trm  12  aorlao  of  airplane 
aoondlaga.  Iha  aicplana,  aqolppad  aith  a  payobrosnpb  ohleh  raoordad 
dry*  and  mt-baib  tanparoturaa,  aada  aaoeota  In  the  air  orar  tha 
laalnland  and  at  aaroral  poaltlona  doanalnd  oror  tha  ooaatal  aatara 
of  aouthaaatom  Maaaaohnaatta.  Iho  naaaxpfod  aeeianilatien  of  tha 
aatar  rapot  in  tha  boanganaoaa  layer  aaa  uaad  to  ooavota  tha  net  qy- 
wurd  flux  of  rapor  par  mit  tine  and  aroa.  Taluaa  of  thla  traaq>ort 
In  tha  noD-atoadF  atato'ara  siran  and  ara  aboun  to  rary  ulth  tha 
ulnd  apaad.  Oadar  tha  aaauqptlen  that  tha  floe  la  the  net  raault 
of  tha  turtolant  aotlona  of  tha  air,  raluaa  of  tha  oeafflalant  of 
■aaa  aaoBhans*  hara  boon  oohputod  froa  tha  olaaaloal  diffualon 
aquation.  Iha  naenltuda  of  thla  ooaffleinit  Ineraaaaa  ulth  hal^, 
daoraaaaa  ulth  diataaoa  froa  ahora,  and  dapanda  on  tho  idnd  apaad 
and  on  tha  atahillty  of  tha  air. 
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I  Zntxodnetloa 

Hm  work  dMerlbcd  in  this  report  «•  oenduotod  bgr  the  Wood! 

Halo  Ooeonogrmdiie  Imtltution  with  the  support  of  the  Qffloe  of 
Ibnral  RMoaroh  under  Contreet  II6onr*277*  T«  0.  II,  See*  A,  Item 
(2)}  Ihe  etudj  of  the  traneport  of  heect  and  mater  vapor  bj  edd7 
diffusion*  Hany  of  the  plane  and  preparations  for  the  program  of 
obBerfSEtlone  mere  made  under  CMtraet  Nohe-20S3* 

I*  Vertloal  Tfemneport  of  Hater  fapor  In  the  Atmosphere 

Oeteiminatlone  of  the  aagnltuds  of  the  vertloal  transport  of 
propertlse  in  the  atmosphere  hate  reeslved  little  attention  In  the 
study  of  the  eddy  dlffosion  prooeee*  Ihle  phase  of  the  problem  hae 
been  slighted  In  favor  of  mock  leading  to  the  understanding  of  the 
pfaysles  of  diffuelon*  the  present  mock,  the  measurement  of  the 
traneport  of  mater  vapor  from  a  large  body  of  mater  to  a  oooler 
atmosphere  has  been  the  main  task*  siadlar  studies  are  being  awde 
mlth  other  thersml  oondltlans  of  the  air  and  mater* 

The  measured  transport  of  eater  vapor  has  been  Intecprsted*  In 
eeoordsnoe  mlth  present  theory*  as  the  result  of  the  random  vertleaiL 
motions  of  the  air  as  It  noss  over  the  earth's  surfaee.  Mien  paresis 
of  air  man  from  one  level  to  another*  they  oany  meoants  of  mater 
vapor  oharaeterlstlo  of  the  level  mlth  them  to  the  new  level*  Zf 
this  prooess  oontiiwes  it  results  in  a  net  transport  of  mater  vapor 
from  the  regions  of  high  moisture  oontont  to  regions  of  lev  eontont* 
prom  this  slnple  statement  of  the  prooess  operating  la  the  atmosphere 
it  Is  apparent  that  (1)  the  rate  of  transport  mill  vary  greatly  aith 


vditiiig  tvrtalMiot  eondltloni,  and  (2)  4ir«et  dbtwrvtloii  of  th* 
ociiioM  of  tho  traaoportlng  air  or  of  raUo  of  tranepwt  art  1b^ 
Boaailila> 

bdiroet  aothodo  of  detamiiilns  tho  raioa  of  er^poratlon  or 
trenoport  of  oator  from  load  and  mtar  aurfaeoo  havo  boon  doflaod 
and  uiod  b/  ntnaroue  ooxtera  olnso  Dalton  (1802)  aotabUahed  tho 
ralatlon  botoaan  oraporatlon  and  tho  dlfferonoo  In  rapor  preaauro 
bettnan  tba  air  In  eontaot  with  tba  tmtor  and  tho  air  at  a  hl^jhar 
lofol.  Othero  hovo  naad  ataonoters  obleh  give  raluaa  of  the  er^poro* 
tlon  of  aaber  Into  the  alr«  Uk^ortonataly  theao  taluao  are  not 
Idantiaal  alth  tho  transport  aotualljr  oeourrlng  In  the  atnoaphora  b»- 
eaiMo  thoao  InetroBmits  do  not  apparoadaata  ataioopharle  eonditiona 
anffielantljr.  Sverdrup  (1936,  1937)*  Montgonary  (1940)*  ThomtfaRalta 
and  Bolnan  (1942)*  and  othen  have  need  aolatura  and  wind  gradlenta 
In  oenjunstlon  «ith  tbeoretloal  tuztnlenoe  relationa*  auoh  as  are 
aoBBarlaed  b7  Dkxdsn  (1943)*  to  obtain  egq>reealone  for  tho  ev^>om> 
tlon  or  transport  In  tho  atnoophore*  Ihe  problan  hao  boon  atudlod 
also  bj  obeervlng  nodlfleatlone  of  air  siassoo.  Lettau  (1937) 
obtained  obaorvatlons  froai  a  free  balloon.  Radioecods  data  wa 
atudlod  bgr  Pettereoon  (1940).  Burke  (1943)  atudled  nodlftoation  frost 
ueathor  nape*  radloaonde*  and  ahlp  roporta*  doveloplng  oharta  for  uae 
aa  foraoaatlng  alda. 

tha  proaant  eoik  air  aaaaoa  eare  falleesd  tqr  an  airplane 
equipped  ulth  a  pepehrogriph.  Dn>-  and  net  biilh  tosyeraturea  uare 
raeordad  altemoteljr  eoeh  five  aeeonds  ahlle  the  plane  aada  aplml 


4“ 


•ir  VMM  dbiaiUMl  uid  rata*  of  transport  vsrt  dstssnlnsd*  Hmss  rakos 
of  transpert  art  tba  peiauj  object  of  tUs  i)Msaroh»  and  oan  be  vaad 
for  foraeaatlng  rates  of  aMdlfloatioa  of  oontlneabal  air  as  It  oorea 
out  osar  tba  coastal  vaters.  In  applylne  than  It  ansi  ba  noted  that 
thsj  era  tms  only  for  (1)  eoBtinantal  air  blonlns  orar  vamar  vater, 

(2)  for  short  diatanoas  (2040  km)  offshore  and  (3)  vhan  faw  or  no 
ouBuIna  elouds  are  pu^eat* 

2*  Tba  Oparatlonal  Osa  of  tba  Uonoflanaoua  Xnyar  of  tha  Atoosphara 

Iha  oater  ti^mt  that  svaporabas  fron  tha  land  or  vaier  aurfaea  of 

tha  earth  passes  first  into  a  laalnar  boundary  layer  aboot  1  an  thiok. 

Molaoular  dlffnaldn  alona  ^raaspoxta  vapor  la  this  layer  for  no  turban 

lanoa  eodsts  at  this  level*  Above  this  akin  layer*  a  turfeelant  boundary 

layer  aactenda  ifnards  about  100  a,  ebaraotarlsed  by  a  looaritlade  vlad 

(Hatrlhutiaa  and  transport  by  eddy  dlffttalon*  Wnnttaaary  <1940) 

dassrlhas  thaaa  layers  In  hla  study  ef  evaporation. 

Iha  top  of  tba  boundary  layer  aaiias  Into  the  oveoOylag  hoanganaoua 

layer,  vhoas  oharaotsrlatloa  hare  been  studlsd  by  aany  eookare  (Boasby, 

Tjontgonary,  1935)#  (Bunker,  Hsureits,  Halkuo,  Stonaal,  1949)>  ms 

heneymaoua  layer  la  a  natural  dlvlaian  of  tba  atanephare,  usually 

$00  to  1500  a  thiok,  bounded  on  tba  top  by  the  aaln  body  of  tha  atncis 

phare.  Tba  stratlfloatlon  of  tha  air  Into  this  natural  division  Is 

asoo^llshad  in  tha  f olloeiae  aannar  by  tha  turbulanoa  of  the  air. 

The  turbnlsnoa  oanaea  rapid  nlsinf  of  the  air  thus  prodaolng.  a  nearly 

dry-adlabatio  tanparatnra  lapse  rate,  lO*”^  on~\  and  a  null  aixlhg 

.0  .1 

ratio  credlant,-'10  'on  •  If ,  as  is  usually  tba  ease,  the  aaln 
ataoaphara  Is  sttbls,  than  ntelng  sill  aactand  «peardi  to  a  halflfct 


d^pwodtng  on  th»  onorgjr  nralUbl*  tor  oAxiag  and  tba  anarar  raqulrad 
to  aix  tba  atabla  air.  A  amalX  Imraralen  vlXL  ba  produood  at  tha 
boundary  of  tha  hanoganeoUB  la^  and  tba  air  abova  lt«  Ibe  lnraralon 
la  atabla  and  tha  tnxbulanoa  and  adalng  la  daopadf  ttaua  partlallj 
isolating  tha  boaiosonaotio  layar  from  tte  audn  air  aaaa*  Ibla  ehai^ 
aotarlatlo  of  oomU  transport  bataaan  tba  air  of  tha  ttonogmaoua  lagror 
and  tba  air  abova  it  baa  bean  used  In  this  noxk  for  datamlnlng  tha 
floa  of  aatar  rapor  Into  the  atooapbars.  Bm  aaaunptlan  baa  baan  aada 
that  a  nagUglbla  aoount  of  natar  roper  la  mixed  through  tbs  Inreroion 
so  that  tha  aconnulation  of  rapor  as  maaaurad  bj  tba  sarlae  of  sound¬ 
ings  la  tba  total  mixed  Into  tbs  layar  during  tba  tlaa  of  dbearvation* 
Bins  nature  baa  proridsd  a  ooonraniant  box  vdth  a  Ud  mblab  eoUaeta 
and  storas  tbs  mater  T^or  aa  soon  as  It  svaporatas  from  tbs  sea. 

Bm  data  eoUaetad  has  baan  axaminad  for  soundings  that  oould  ba 
need  aa  a  obaok  on  the  aasui^jtion  of  nagliglhla  transport  tbrougb  tha 
Inversion.  Bm  soundings  of  tba  aariaa  taken  on  Sept.  22,  1948  oan  ba 
used  for  this  purpose.  Bmt  extandsd  1000  a  above  tba  top  of  tba 
bomoganaous  laper  into  tha  region  nbare  tba  air  mass  mas  vary  stable, 
m  tba  height  rungs  from  600  m  to  1400  jb,  tha  potential  tmmarattnre 
lapea  rate  mas  ♦  1.1  x  lOT^S  osT^  The  lapse  rata  In  tha  thin  (about 
50  a)  lagrer  of  boundary  air  batmsan  tbs  bomoganaous  lagmr  and  the  air 
above  it  eias  at  least  tmLea  this.  An  InspeetiGm  of  the  nixing  ratio 
ourve  (sea  Appendix,  fig.  22}  shoes  that  tbs  air  galnsd  moisture  la 
tba  »**^gr"*"**"  lagror  uhlla  it  lost  aolstors  la  the  air  above  the 
lagrnr*  Bils  oan  onlj  assn  that  tba  transport  of  mater  vapor  throuih 
tha  1400  a  surfaoa  to  tha  air  above  mw  nosh  grastar  tbaa  tbs  vpamrA 


tnnfport  tbroufib  tlM  600  m  aurfae*.  A  oaoputation  of  th«  flew  of 

Wfttor  viper  MOMoasy  to  aoeoaot  for  tho  depletion  of  vapor  In  tlio 

600-1400  n  roffloa  load*  to  a  value  of  4*7  x  UT^  ga  eoT^  aae*'^* 

Ihia  value,  uhioh  la  about  1/4  the  averaoe  treneport  in  the  hOBwgeneouB 

layer,  ii  repraaentatlve  of  the  atable  air  aloft  and  in  larBe  in 

eonparlaon  to  the  traaeport  through  the  boundary  Inveralon*  A 

•6  —2  •>! 

tentative  value  of  10  g^oa  aee  maj  be  aaalgoed  to  thia  tran^ 
port,  pending  further  evldanoa.  A  wore  oaqplete  dlaouaalon  of  the 
Sept.  22  aoundlnga  uUl  be  found  In  the  ^pandlx* 

The  deeielon  to  uae  the  boaogeoeoue  layer  aa  a  neteorologleal 
tom  In  the  atudjr  of  uater  vapor  flux  by  eddy  diffUalon  uaa  nada 
after  a  brief  atudy  of  aiiplane  aoundlnsa  taken  during  the  war  yeara 
by  the  U.1.T*  Badlabion  Laboratory*  Iheae  aoundlnga,  wade  avallahle 
by  Dr*  B*  B*  Hontgoewry,  were  being  atudied  for  the  aane  purpoae  aa 
the  praaenb  Invaatlgatlon*  Bowaver,  no  rmiabla  valuea  ware  found 
alnoe  the  aoundlnga  oxbonded  to  only  1000  ft  ahlle  water  v^wr  waa 
traMported  to  IovoIb*  Thia  Unltatlon  praventad  tha  datealniH 

tlon  of  the  total  anonnt  of  water  vapor  tranaported  and  atored  in  tha 
atnoapbera  In  a  givan  tine  Interval*  An  appronliaato  value  eomd  be 
found  by  uaing  the  loaaat  Invaraion  ahom  by  radloaooda  obeemtiona 
taken  In  the  region*  One  faolt  of  the  radioeonda  nada  it  unauitahle 
for  thia  woik*  Ita  great  apeed  of  aaeent  and  infrequanoy  of  aignal 
trananiaalon  oould  oauae  Ita  failnre  to  reoord  weak  Inveralona*  Ilia 
valnaa  datemlned  free  tha  atudy  ot  the  B.I.T*  data  hatve  never  bean 
publ  jehad  for  they  were  eonaldared  too  uneertaln*  Maw  that  the  valnaa 
fron  the  preaant  woik  are  eonplete,  a  eoaparlaon  of  tho  valnM  of  the 
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trampoii  and  of  tho  eooffleiuxt  of  torbulNiife  oaoa  oaoBhaiHPt  obocr  tlio 
two  ooto  to  bo  noorly  tbe  oano*  For  olailor  ejiioptlo  eonlitloni  tho 
1I.I.T.  data  for  8  oerloe  Tloldod  oaloao  botwoon  1 to  13  x  iXT^  gk 
eo  soe  for  tho  troaoport  and  botwoon  60  and  660  go  ew**'**  aoe  for 
tho  oaohanflo  eoofflelontj  nhllo  tho  prooont  wozk  ohooo  Taluoo,  In  tho 
lowMt  lajor,  ranginc  fron  3*7  to  91  x  10*^  (pt  eoT^  ooe**^  and  105  to 
5600  ga  on  000  • 

3.  Iho  BddF  Dlffholoa  Biuatton 

Ibo  eowpotod  Talnoo  of  tho  Tortloal  flow  of  wator  vapor  and 
olalng  ratio  gradiesbo  have  boon  plaeod  in  tho  oddy  dtffooion  oqpatloOf 

S  •  A  (1) 

to  obUla  valiMO  of  k,  tho  eoaffioiont  of  turbulont  aaaa  oaoBhanoo*  Iho 
valvo  of  A  00  dotoxntnod  fron  tho  oboorvatlono  Inoltidoo  aagr  influonoo 
of  oonvwetlon  that  niy  bo  prooont  In  tho  atnoophoro*  Slnoo  both  eoo> 
voetion  oorronto  asooelatod  with  eimluo  oloudo  and  "oonvoetivo  tuih»> 
lonoo”  ao  doflnod  by  Pidootly  and  doinbonk  (1947)  will  aodify  tho 
valno  of  A  eharaetorlotlo  of  oddy  diffaoion  alono,  it  io  losloal  to 
dafino  A  by  oquation  (1),  rathor  than  by  tho  olaooioal  darlvatloa^ 
baood  on  oddy  turtalonoo  alow.  Through  thio  ehango,  A  ii  aado  to 
dwerlho  tho  atato  of  nlxiag  of  tho  alnoophoro  aa  it  aotnally  ajdata, 
rogardlooa  of  tho  prooooo  eroating  tho  tnrtolonoo  or  aaoo  oanhango* 

It  ohould  not  bo  Inforrod  fron  thii  ohango  in  tho  doflnitlon  of  A  that 
oddr  diffuoion  la  ao  langtr  oonoidarod  tho  prfdnainoting  prooaoo  of 
diffhaian  in  tho  hflowgonooqo  layor#  At  tho  prooont  tino,  tbo  rolatiwo 

^  Soo  HanrwitOf  1941,  pp.  317-216, 


f 
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eootrlbutlon  of  oaeh  process  cannot  be  eraluatecU 

The  obserrstlcas  mre  token  on  dagre  when  few  or  no  oamilus  oloods 
ifore  preeoQt  in  the  areas  studied.  This  selection  of  oortcing  dagrs 
reduces  the  effect  of  oon/eoticn  currents  associated  with  ousuIub 
activity  on  the  oaiiq;>utsd  value  of  the  transport  of  water  v^pcr. 

When  using  this  equation  it  is  essential  to  realise  that  its 
applleation  depends  on  averages  taken  over  long  tloe-lntervals.  fii 
this  nanner  the  randan  nature  of  the  turbnlsixt  eddy  aotion  of  the  air 
can  be  treated  mathsmatlcally  and  the  trraport  of  properties  by  ths 
air  can  bs  s^qtrsssed  in  tenas  of  gradients.  The  manner  in  which  the 
present  observations  were  taken  does  not  satisfy  ths  condition  of  a 
long  tioe-interval.  For  the  cooplste  satlsfaetion  of  the  eonditlone 
of  the  equation,  several  soundings  should  have  been  oade  at  each 
point  along  the  path  of  the  air.  This  was  operationally  iopossible. 
Hosever,  gradients  laay  bs  dstemined  by  averaging  values  of  the  wining 
ratio  over  a  large  height  range  of  a  single  sounding.  The  gradient 
oan  have  an  intelligible  weaning  only  when  averaged  over  heights 
large  in  ccnparison  with  ths  turbulent  eddies  rsspcnsible  for  the 
transport  of  ths  rapor,  Atteqpts  to  oaloulate  gradients  and  ewehange 
oeeffioisnts  for  small  height  ranges  from  sinipe  soundings  will  usually 
be  iBisucoessful  since  the  procedure  conflicts  with  the  large  seals 
gusty  nature  of  turbulent  air.  Sueh  a  method  might  work  well  in  a 
stable  air  with  emall-eeale  turbulenoe. 

Tb  find  el^iificent  values  of  the  gradient,  a  eeleetion  of  hai^ 
ranges  was  mads  aeoording  to  ths  appsaranes  of  ths  mlTir^  ratio  eurvs 
with  hoiiiit.  It  was  noted  that  near  the  surface  and  up  to  100-300  m 


tbera  vas  «  larg«  gradleiit,  vihlle  a  amaller  gradient  exUted  froa 
this  level  to  the  top  of  the  homogeneouB  lajer*  Thus,  mixing  ratio 
raluee  in  the  height  ranges  15  to  100-300  a  and  from  100-300  m  to 
the  top  of  the  layer  tiere  used  in  averaging  gradients*  It  vaa 
assumed  that  eaoh  of  these  natural  dirlsioos  vns  large  in  eoa4)arison 
with  the  eddies  that  produced  them  and  vas  suitable  for  averaging* 

On  averaging  the  values,  the  method  of  the  least  squarss  ims  used 
to  dstezmine  the  slope  of  a  straight  line  fitted  to  the  dbservations* 
This  method  nas  adopted  not  because  It  was  eocpeoted  to  lead  to  values 
of  great  aoouraoy,  but  rather  to  give  an  impartial  value  to  the 
gradients  which  are  difficult  to  measure  gnqthically* 

Before  applying  equation  (1)  to  the  observations,  mantlon  should 
be  made  of  a  condition  found  in  the  atmosphere  that  does  not  satisfy 
the  eonditicns  required  by  the  equation.  Attssyibs  to  ehooee  days 
without  oonveotive  activity  were  made,  but  some  ounulus  olouds  occasion¬ 
ally  developed  In  the  sounding  areas*  Some  of  these  eloode  may  have 
pierced  the  inversion  allowing  unknown  amounts  of  moist  air  to  leave 
the  h<BOgeneoue  layer*  This  gave  erroneous  values  of  £  to  be  entered 
Into  the  diffusion  equation* 
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II  Eqxdpootxt  and  pparatlonal  Prooedura 


!•  Equipment 

The  naJOF  Inatrueent  used  In  this  Inveatigatlon  Is  the  airplane 
pejrohrograph  deei^^ied  and  built  bgr  the  Radiation  Laboratory  of  the 
Uaasaohuaetta  Inatitube  of  TOohnology.  The  entire  program  of 
obaeryatlon  uae  planned  around  the  uee  of  thla  Inetrumant.  The 
peyohrogriph  will  not  be  deaorlbed  here  elnee  it  has  been  explained 
adequately  by  Kata  (1947)*  It  le  sufficient  to  say  here  that  it 
records  alternately  net' and  dryH>uIb  tecperatures  with  a  probable 
error  of  -  O.Ol^C*  The  tbamal  lag  of  the  resistor  elanents  used 
for  this  study  Is  4  seconds  with  a  TentUatlon  speed  of  100  knots. 

The  housing  containing  the  temperature  sensitive  elements  was 
mounted  on  the  wing  strut  of  a  Stinson  Voyager.  The  amplifier, 
recorder,  batteries  and  vibrator  were  placed  in  the  back  seat  of 
the  4~plaee  plane  (see  Figs  1  and  2).  Ur.  Kenneth  UeCasland  oper¬ 
ated  the  instmaent  and  made  altitude  and  airspeed  notes  while  Ur. 
Uorfln  Odum  piloted  the  plans. 

A  similar  peyohrograph  was  made  for  use  with  a  captive  balloon 
trm  a  small  boat.  This  instrument  is  desoxibed  by  Anderson  (1946), 
(see  Figs  3  and  4).  Two  aopliflsrs  and  reoordere  were  installed  so 
that  dry  and  wet-bulb  twaperatures  could  be  recorded  simultaneously. 
The  1000  ga  neoprens  oaptive  balloon  bad  sufficient  lift  to  eany  the 
housing  and  oonnsetlng  wire  to  100  m.  Only  one  sounding  taken  bF 
this  instrument  la  presented  here  for  on  many  days  slmptrlosl  leaicags 
ooourred  tbrough  tbs  Insulation  of  the  wire  rendering  the  values 
obtained  unBeriain. 


FIG. 2- AMPLIFIER  AND  RECORDER  FITTED  INTO  PLANE 


\ 

! 


FIG. 3- CAPTIVE  BALLOON  AND  PSYCHROGRAPH  HOUSING. 


FI6.4-  PSYCHROGRAPH  OBTAINING  GRADIENTS  CLOSE  TO  THE  WATER  SURFACE. 
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Pilot  balloon  obsenrationa  trere  loado  In  tho  uaual  mannor  aa 
preaorlbod  by  the  U.  S.  Ueathar  Dureau  ejcoept  t.Ii.iit  30* 

aeeond  time  interrala  were  used* 

VJater  tcnqMraturea  nere  taken  either  by  a  dip  bucket  thermameter 
or  by  a  bathytbennosraph.  This  instrument  records  eater  temperature 
against  dqpth  on  a  saoked  glass  slide ,  Information  concerning  the 
bathythermogrs^h  may  be  found  in  a  Preliminary  Instruction  Book  (1945)* 

The  only  other  instruments  used  by  the  project  are;  (1)  a  sling 
psyehrometer,  (2)  the  plane's  altimeter,  (3)  the  plane's  air  speed 
indicator,  (4)  an  anemometer,  and  (5)  a  mecurial  barometer* 

2*  Operational  Procedure 

The  first  step  in  the  day's  troik,  once  it  has  been  decided  that 
the  day  is  suitable  for  observations,  is  to  detenaino  the  present 
Sind  and  cheek  vith  the  tdnd  forecast  as  broadcast  by  the  U*  S. 
kVeather  Bureau*  The  nlnds  aloft  are  computed  from  the  pilot  balloon 
observation  taken  early  in  the  morning.  From  these  and  any  changes 
in  vind  directions  mentioned  in  the  forecast,  a  probable  trajectory 
of  air  moving  offehore  ie  detexmlned.  A  distance  interval  domvtream 
between  soundings  Is  decided  vqpon  eo  that  measiuemente  will  be  made 
in  nearly  the  same  air  maas,  thus  reducing  any  advectlon  effects  tiutb 
may  be  present.  A  series  of  observation  points  is  located  that 
aatlsflea  the  trajectory  of  the  air,  the  proper  spacing  of  the  sounding^ 
and  that  allows  the  single>enginsd  plane  to  circle  near  an  inland  or 
llgbtahlp  for  safety* 

The  observer  prooeede  to  the  airport,  installs  ths  psyohrognph 
equipment  in  ths  plans,  receives  any  last  minuta  changes  in  ths  course. 
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and  takea  off*  Upon  arriving  at  the  selected  spot  overland  a  500 
yard  radlxia  spiral  ascent  is  started  from  about  a  2CX>  foot  altitude* 

The  pilot  attenqpits  to  maintain  a  70  knot  air  speed  and  a  200  foot  per 
minute  oliob.  The  observer  makes  altitude  check  marks  on  the  recorder 
paper  and  keeps  a  log  of  altitude^  air  speed,  roughness,  cloud  amounts, 
etc.  The  ascent  is  continued  until  it  is  noticed,  either  from  the 
peychrogreqph  record  or  from  the  sudden  entry  into  the  smooth  air  above 
the  turbulent  layer,  that  the  inversion  at  the  top  of  the  homogeneous 
layer  is  reached.  The  climb  is  continued  another  few  hundred  feet 
before  leaving  the  location  for  the  next  sounding  area.  Here  the  same 
procedure  is  repeated  except  that  the  plane  is  flown  much  cloesr  to 
the  water  than  to  the  land  surface.  Each  series  of  observations  con* 
slsts  of  two  to  four  soundings.  Figusre  5  is  a  photograph  of  a  U.  S. 
Coast  and  Qeodetio  Survey  chart  showing  an  area  frequently  used  for 
soundings.  Wire  springs  of  the  proper  disaster  were  out  at  the  correet 
height  to  depict  the  500  yard  radius  spiral  made  by  the  airplane  as  it 
olimbed  to  the  top  of  the  homogensoue  layer. 

The  second  observer  either  remained  on  the  Institution  dock  making 
wind  aloft  and  water  temperature  obaervaticns  or  proceeded  to  the 
area  with  a  boat  equii^ped  with  a  balloon  peyohrogre^  and 
bathythemogr^di.  With  theee  inatrunanta,  water  tesqperaturae  were 
obtained  from  the  bottcm  of  the  bey  or  sound  to  the  eurfaoe,  and  wet- 
and  dry-bulb  temperaturee  were  obtained  trm  1  meter  above  the  aurfaee 
to  100  m.  Tb  assure  ease  of  operating  and  freedom  from  salt  spray  the 
balloon  soundings  were  made  running  downwind. 


6.5- 
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in  Roduetlon  of  Data 


1.  Airplane  Soundings 

Usthods  of  redxiolnG  the  airplano  oboorvations  uoro  devised  for 
dstoroining  rapidljr  the  various  eleosnts  dosired  and  at  the  soqd  tins 
ossurlno  that  no  fiotious  gradients  or  errors  cnre  introduced  by 
approodiaations.  Spood  of  roduotlon  nos  ossonbial  for  over  600  ccQptv* 
tstlons  are  required  for  the  average  sounding*  A  list  of  the  observed 
values  froa  tjhich  the  eoaputatirais  are  cade  is  as  foUoos}  (1)  the 
oilliaaoster  roadlng  of  the  dry  and  xiet  bulb  resistanoes,  (2)  the 
indieobod  air  speedy  and  (3)  the  althneter  reading* 
a)  Dry-  and  IJet-Bulb  TOoqperatures 

The  nilliaciaeter  reacUnge  tnre  reduced  to  dry-  and  iret-bulb  teia^ 
peraturos  by  use  of  tables  oode  iq>  froQ  the  laboratory  oolibratlone  of 
the  tsE^Mrature  elanoota*  Correotions  had  to  bo  appUod  to  thoso  values 
boeause  of  the  heating  caused  by  ooopressloa  of  tbs  air  ohead  of  the 
noving  elenents*  These  sere  detemined  frcci  the  foliosing  equation 
givea  by  AAF  Weather  Servloe  (1945)} 


Here  is  a  factor  dsteroinod  ecqperiaentally  for  the  partloular 
peyobrogra|di«  Its  value  is  0*9*  The  syobdl  v  denotes  the  truo  air 
speed  of  the  piano  in  sdlos  per  hour*  The  true  sir  speed  nas  found 
froQ  the  indleabod  air  speed  and  the  altitude  b7  use  of  an  airoroft 
navigational  plottlxig  board* 
b)  Preeswe 

The  atoosphorlo  preeeure  at  each  hel|^,  as  indioated  by  the 
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pLana’s  prossure  altliaater,  nas  found  froo  the  surfaeo  pressure  and 
the  pressure  helcht  relation  of  tho  standard  atooephere* 

o)  Ubdne  Ratio 

The  udbclng  ratio,  tr,  of  each  point  tioe  coqputed  from  the  follow* 

InQ  fom  of  tho  psychrometrlo  equation^ 

n  •  w  -  (T .  -  T  )  • 

8  u  W 

I 

In  this  equation  Is  tho  saturation  nlxlnG  ratio  at  the  given  net— 
bulb  teoperature  and  pressure,  Is  the  dry-bulb  temperature, 

tho  net-bulb  tac;>oraturo,  and  tho  epeelflo  heats  at  eonetont 
pressure  of  dry  air  and  nater  vapor  respectively,  L  the  heat  of 
vapcorlzatlon  of  xmter*  The  saturation  crLclng  ratio  was  read  from 
a  gt^ih  giving  the  relation  betneen  net-bulb  tecqmrature,  pressure 
and  mixing  ratio.  For  a  frozen  nick,  values  of  the  saturation  nixing 
ratio  over  lee  nere  cooputed  from  the  Smltheonian  Itoteorologloal 
Tablee,  Fifth  Revised  Edition  (1939).  The  heat  of  sublimation  nae 
used  in  pLaes  of  tho  heat  of  vE4)orizablon. 

d)  Equivalent,  Virtual,  and  Potential  Tomporatures 

NoQOgraae  nere  used  to  ooopube  these  values.  Potential  tenperaF- 

turee  are  ooeinited  to  the  base  1000  odt). 

e)  Hol^tts 

True  height  In  meters  nere  eompubed  from  the  virtual  tec^rature 
for  a  fen  selected  pressures  and  all  other  heights  mere  found  graphically 
from  tho  resulting  pressure  height  relation. 

f )  Tbtal  Amount  of  nater  Vapor 

The  total  amount  of  natw  ropor  contained  In  the  air  o^uon  wae 


found  bgr  oultipl^lDs  the  average  stlxlng  ratio  for  a  preeaure 
range  (2  ab  beloo  UXO  ft,  15  ab  above  1000  ft)  b7  tho  preeaure 
difference  divided  by  the  constant  of  gravity.  3y  aluaya  totaling 
the  trater  vapor  botueen  tho  aaoe  oltloetor  heigbta  one  set  of  voluea 
for  ^:>p/g  could  be  used  for  multiplication  by  i7, 

2.  Cc^ive»Balloon  Soundings 

a)  Teoperaturea  and  IHjdng  Ratioo 

milleannetor  readings  mere  reduced  to  teqperature  In  the  sane 
oanner  as  for  the  airplane  soundings^  nccopt  that  dynaolo  corrections 
cere  not  requited.  Mixing  ratios  note  coeluted  similarly. 

b)  Hol^ibs 

Holghta  twre  read  from  markings  on  tho  nire  holding  the  balloon. 
Correotiona  oere  mado  for  the  tdre  angle. 
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17  AnaljniB  of  Obaoxvatlons 


1.  v/ater  7apar  Flue 

ItM  flotr  of  nater  rapor  through  a  unit  surface  of  one  square  oentir* 
cioter  at  a  glvon  height  uas  found  by  totaling  the  trater  Taper  in  the 
ooloon  of  air  as  it  loft  the  oolnland  and  computing  the  aecunulation 
of  mter  vapor  above  the  surface  os  the  air  ooved  over  the  eater*  As 
mentioned  proriouely  the  eater  vapor  tias  totaled  to  the  top  of  the 
hcBogeaeous  laTsr  ubero,  according  to  the  aesunfiilon,  a  negligible 
amount  mixed  through  the  inversion  into  the  dry  air  aloft*  Once  the 
increase  of  uator  vapor  ms  dstoroined,  the  rate  of  flocr  could  be  found 
fMm  the  time  the  air  had  been  over  the  nater* 

The  pilot  baUocn  data  ms  used  for  this  coapitation*  The  mind 
speed  and  direction  averaged  over  the  entire  homogeneous  layer  ms 
considered  best  for  this  vozic*  the  case  of  stable  air  masses  the 
turbulenoo  is  mak  so  that  the  air  aloft  movee  faster  than»  and  doee 
not  mix  uithf  the  lomr  air  thue  causing  the  pliencmenon  of  shearing 
stratifloatica  as  dseorlbed  by  Craig  (1946)*  In  less  pronounced  oases 
of  stability  and  in  netxtral  and  unstable  air  masses  this  stratlfloaticn 
cannot  develop  because  of  the  rapid  mixing  of  the  air*  The  oharaotox^ 
Istio  frictional  shearing  of  the  nind  nith  height  is  present,  but  this 
does  not  that  a  particular  parcel  of  air  travels  long  distances 
at  one  hsigixt*  Bather,  through  the  mixing  process  of  ed^y  diffusion, 
it  mill  travel  at  many  helots  in  the  homogeneous  Isyor*  For  this 
reason  it  is  correct  to  use  tho  mean  valm  of  the  velocltiee  of  the  air 
at  differont  hei(^ite  to  determine  tho  trajeotorisa  of  the  air*  Ihus 
a  parcel  of  air  in  the  upper  part  of  the  layer  has  travelled  over  mter 
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about  the  aaoe  length  of  time  aa  a  parcol  of  air  nearer  the  bottom, 
although  their  Inatantaneoua  veloeltlea  irlU  differ  greatly. 

In  the  reduction  of  theae  obaenratlona  and  the  conqputatlon  of 
flux  and  auetauaoh  Taluea,  thla  principle  la  uaed  In  caaea  ehere 
there  la  eTldenee  of  aufflcient  mixing.  This  allowa  treatment  of  the 
homogeneoua  layer  aa  a  aln^e  body  moving  vlth  a  given  velocity  al¬ 
though  Ita  many  ooot>onent  parta  move  xrlth  different  veloeltlea. 

The  flux  of  water  v£^>or  haa  baen  found  In  moat  caaea  for  two 
aurfaoea,  one  at  the  bottom  of  the  layer  and  another  100-300 

m  higher*  Valuea  of  £,  the  flow  throu^  theae  aurfaeea,  are 

-2  .1  -6 

preaented  in  Table  I.  The  unite  are  gm  om  aee  x  10  . 


Table  I 

Time 


Date 

EST 

Olatanee  Qffahore 

"0 

«h 

Sept.  23,  1947 

1354-1515 

1-13  Im 

7.3 

• 

Oet.  1,  1947 

1112-1311 

1-  8  km 

24.0 

17.0 

8-16 

91*0» 

40.0* 

Nov.  9,  1947 

1520-16^4 

0-16 

19.0 

13.0 

Nov.  10,  1947 

1337-1432 

0-  8 

28.0 

14.0 

Nov.  13,  1947 

1450-1602 

0-  8 

41.5 

-  . 

Nov.  17,  1947 

1405-1557 

0-  3 

23.0 

18.0 

3-10 

2.0» 

-2.2* 

10-17 

13.0 

7.6 

Sept.  1,  1940 

1232-1410 

0-12 

44.0* 

43.0* 

12-32 

9.3* 

-2.5* 

0-32 

22.0 

14.0 

Sept.  15,  1948 

1345-1552 

0-12 

13.6* 

4.2* 

0-32 

10.3* 

3.2* 

Sept.  16,  1948 

1155-1346 

0-43 

3.7 

1.7  N  * 

Sept.  22,  1948 

U05-1305 

0-12 

- 

6.0  • 

0-37 

- 

5.0 

12-37 

- 

4.7 

Oot.  13,  1948 

1130-1315 

0-30 

6.0* 

1.5* 

Nov.  16,  1948 

1145-1301 

0-24 

3.8 

IJ^ 

*  See  diaduealom  in  ^ipendlx 


-  18  - 


Iha  alsnlflcanee  of  the  large  range  In  the  oomputed  Taluea  of 

the  flow  can  be  clarified  by  plotting  values  of  E  against  the  wind 

speed  observed  on  the  saoe  daTS.  The  values  plotted  in  Figure  6  are 

the  average  of  the  wind  for  the  entire  homogeneous  layer  as  tabulated 

in  Table  V  of  the  Appendix,  nie  graph  ahow  that  a  relation  exista 

between  the  flow  and  the  wind  speed.  The  scatter  of  the  points  la 

soall,  if  the  Oot.  13,  1948  value  is  omitted.  The  relative  position 

of  this  point  eophaalsea  the  effect  of  stability,  for,  in  all  oases 

save  this,  the  water  is  of  the  saoe  tsaperature  or  up  to  waiaer 

o 

than  the  air  blonlng  over  it.  On  Oot.  13  the  water  was  2  C  eoo)^ 
than  the  air. 

Over  the  sialnlatid  the  air  was  very  bvnpy  and  turbulent,  but  as 
it  moved  over  the  cool  water  the  turbulence  subsided  to  what  was 
described  by  the  airplane  observer  as  very  smooth  air.  It  is  usual 
for  the  turbulence  of  the  air  to  deerease  over  the  water  even  when  the 
water  is  wenasr  than  the  air,  but  this  case  shows  that  the  magnitude 
of  the  decrease  is  much  greater  when  the  water  is  ooblsr. 

Thus  if  the  Oct.  13  value  is  omitted  on  the  grounds  that  it 
represents  a  different  stability  condition  of  the  air,  the  remaining 
points  define  a  close  relation  between  the  vertical  flow  and  wind 
epeed. 

From  Figure  6,  valuse  of  E  can  be  obtained  that  are  suitable  for 
making  foreoaets  or  estimates  of  water  vapor  transport.  Table  IX 
gives  reoenmended  values  for  regions  between  0-30  km  offshore  and  for 
water  teaperaturae  greater  than  the  air  temperature. 


WIND  SPEED ,  m«f«r»/tecond 


FIG. 6 
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Table  II 


Wind  Speed 

'Water  Vapor  Traxisport 
-2  ~1 

-  w: 

'  -2 

Average  for  Homogeneous  Layer 
—1 

o  sec 

00.  cm  sec 

go  cm  see 

5 

1.0  X  10“^ 

1  X  10"^ 

10 

2.5  X  10“^ 

4  X  10“^ 

15 

4.5  X  10r5 

7  X  10“3 

The  seatter  of  the  plotted  points  In  Figure  6  can  be  reduced  b7 
eliJBinating  the  Dalton  (1802)  effect  bjr  the  eaoe  oethod  that  ]!lont(;aner7 
(1940)  eiqplosred*  Here  the  tmter  rapor  flux  at  the  surface  has  been 
divided  by  the  difference  between  w.,  the  saturation  olxiag  ratio  of 
air  inoediately  in  contact  nith  the  eater^  and  v,  the  average  mixing 
ratio  of  the  air  of  the  homogeneous  layer  before  passing  over  the 
water.  In  Figure  6A,  this  quotient  is  plotted  against  the  wind  speed 
of  the  hoBoganeoue  layer.  Only  the  nine  points  representing  values 
obtained  between  0-16  km  offshore  are  plotted.  A  close  relation  be¬ 
tween  the  quotient  of  the  flux  and  mixing  ratio  difference  and  the  wind 
speed  is  indicated  by  the  small  seatter  of  the  points* 

Faluss  of  the  quotient  are  given  for  three  values  of  the  wind 
speed  in  the  third  column  of  TSble  II.  This  eolunn  should  be  used 
for  forecasts  and  estimates  of  transport  if  the  values  of  the  water 
temperature  and  mixing  ratio  of  the  air  are  knoen* 

2.  Ratio  Gradients  and  the  Coefficient  of  Turbulent  Mass  Exchange 

The  flow  of  water  vapor  upward  through  the  homogeneous  layer  has 


FIG.6A 
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been  attributed  to  random  vertloal  motions  of  the  olr  and  can  thus  be 
analyzed  by  the  dlffuaion  equation  (1)«  The  value  of  the  eoeffioient 
of  turbulent  maee  exohange  obtained  from  the  present  data  is 
ohareoteristio  of  the  unstable  eonditlons  sodsting  at  the  time  of  the 
bbservatlone. 

As  mentioned  In  the  inbroduotlon,  the  oonditions  required  for 
the  oooq;>Iete  validity  of  the  equation  do  not  obtain  in  the  atmosphere, 
and  also  the  observations  do  not  represent  the  necessary  time  average* 
Itovartheleas,  by  taking  avarages  over  large  hei£^t  ranges  and  eval»> 
atlng  the  eoefflciant  at  only  tmo  beigbta,  the  errora  due  to  these 
unavoidable  inooneistenoiaa  in  the  choice  of  data  may  be  roduoed. 

On  evaluating  the  exchange  ooefflclent  from  equation  (1),  a 
standard  aystam  of  determination  of  gradients  and  ootresponding  flux 
aurfaeee  vas  used*  Teo  gradienba  sera  dstanalned  from  tha  elope  of 
a  straight  line  by  the  method  of  least  aquaree,  one  for  the  region  eloee 
to  the  voter  eurfaoe  up  to  100*300  m,  the  other  from  the  100-300  m  to 
the  top  of  the  layer*  The  flux  through  the  eurfaoe  at  the  bottoa  of 
the  atmosphere  ew  awtohed  eith  the  gradient  for  the  looeet  level* 

Iba  equotlon  then  yields  a  value  eharaoterletio  of  loeeet  layer  but 
nob  aaeooiated  eith  any  ocaot  height*  Llkeeiee  the  flux  through  the 
300  ffl  surface  eaa  autohed  eith  tha  gradient  for  the  main  body  of  tha 
homoganoouB  layer*  Ihle  valua  of  the  eoeffioient  le  oonaidered  to 
qiply  to  the  middle  seetlon  of  tha  homoganeoue  layer. 

Tabla  III  preaenta  tha  gredlahts  of  tha  mixing  ratloa  as  found  by 
tha  laaet  sqqaraa  mathod*  Ihe  valup  given  le  tha  average  of  the  tee 
aoundlnga  Involved  In  the  oooputation  of  A*  Qradlenta  are  expxeeaad  in 
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om  with  the  factor  10  omitted,  Sxohango  ooeffloienta  are  eoqpareaeed 
in  gpi  em  ^  eeo  \  iihlle  the  dletsjioe  offehore  is  e3q>res8ed  in  kilo* 
mstere.  deelgnatee  the  Talue  detemined  for  the  region  0  to 
100-300  n,  nhlle  repreeente  the  value  oharaotorlatio  of  the  region 
100-300  m  to  the  top  of  the  lajrer.  The  one  value  labelled  A  la  a 
value  found  toe  the  stable  air  above  the  hooogeneous  layer* 

Several  facta  are  ianadintely  obvious  from  the  table*  One  Is 
that  the  exchange  coefficient  is  greater  In  the  main  body  of  the 
layer  than  it  Is  closer  to  the  surface*  This  Is  shoen  clearly  by 
iMtlng  that  the  average  value  in  the  lover  level  (A^  coluom)  is  lAOO 
go.  coT^  eec'^  vhlle  at  the  hi^r  level,  the  average  of  the  A^ 
eolunn  Is  A450  ga  eoT^  sec**^.  The  decrease  in  the  value  of  the 
coefficient  vith  distance  from  shore  is  shom  best  by  averaging  values 
of  obtained  on  days  for  vhioh  data  was  eoUeoted  at  several  in^* 
creasing  distances  from  sbore.  Ihe  average  of  the  volnaa  close  to 
the  shore  is  5605  ga  see**^  vhile  the  average  veins  farther  out 
ie  2220  gs  cn*^  seo'"^*  FTcu  thle  ve  infer  that  the  turbulsnse  of 
the  air  decreases  as  it  flees  over  the  water  regardless  of  the  fact 
that  the  water  tenperature  Is  higher  than  the  air  taeperature. 

An  InpoKtant  point  brought  out  by  the  table  is  the  larga  valnse 
of  the  coeffioiaot  of  turbulent  siasa  exchange*  Prior  to  this  report 
and  the  woodc  of  Russ  and  Portaun  (1948)  the  coefficient  ma  oeasured 
under  stable  conditions  and  valuss  beieeen  10  and  500  ga  en**^  sso~^ 
vers  asstned  charaeterlstlo  of  aoet  conditions  enoounteiwd  in  the 
atowsphsre*  This  vosk  shoos  that  values  lying  between  2000  and  10000 
ga  aeo'*^  are  oharaoterlstie  of  the  unstable  case* 


Values  of  the  exohan;^  eoeff loleiiit  deteznined  by  otbor  uozkore 
In  the  field  boss  been  collected  In  Table  IV« 

Table  IV 


Coefficienba  of  Turbulent  Mass  Exchange  and  Eddy  Vleoosity 


go.  em”^  sec”^ 

Very  Stable 

subtly  Stable 

Unstabls 

17  Lettau 

400  Lettau 

164^17700  H\ms 

70-500  UUdnar 
26-300  midner 
103-S25  Banker 

130-15400  Bunker 

This  tabulation  ahcna  the  Tarlatioii  of  the  coefficient  uith  the  star- 
blUty  of  the  air  and  oooqparee  valnes  oooputed  by  the  different  authors. 
The  ooefflelent  of  turbulent  mass  exchange  le  considered  to  be  Idaotlsal 
ulth  eddy  viscosity  and  the  austausoh  coefficient.  Valuee  are  expressed 
In  gm  csT^  see**^.  The  table  Is  divided  Into  three  columns  representing 
the  stability  oondlticns  existing  at  the  tias  of  the  experiment.  The 
headlz^  "veiy  stable"  le  used  to  denote  the  exletenoe  of  an  inwereion. 

A  value  of  the  tmqmrature  l^iee  rate  lying  betmssn  the  isotbezmal  and 
the  dry  adlebatle  lapse  rate  la  olesslfled  as  "sU^ly  stable."  Qy 
"unstable"  It  la  meant  that  the  lapse  rate  iras  agpei^adl  abatlc  or  that 
the  mater  temperature  vas  hl^ier  than  the  air  tmqwrature.  The  nans 
fdllflsdng  the  valns  entered  In  the  table  Indicates  the  author  respoia> 
sible  for  the  detemlnation.  Lettau  (1937)  made  hla  observations  during 
two  free  balloon  eocourslonB.  Tbs  value  given  le  the  exchange  ooefflelent 
ooqputed  from  equation  (1).  Mlldnwr  (1932)  used  pilot  balloon  observe- 
tlons  to  oompute  values  of  eddy  viscosity.  Hues  and  Portnan  (191i8) 
oosputed  austausoh  ooefflolents  from  uind  observations  after  Bttel  (1930). 
Banker  denotes  values  obtalnsd  In  the  present  researoh. 
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Ih«  laiportant  rola  of  stability  in  eontrolllng  turbulsnes  la 
dbtlovis  froQ  the  table  liiloh  shofSB  that  the  ratio  of  Taluse  In 
different  stability  olassee  Is  about  25* 

Since  the  souree  of  energy  for  turbulenoe  and  eddy  diffusion 
In  the  atmosphere  is  the  eind  shear  and  the  kinetic  energy  of  the 
ulnd«  a  relation  might  be  e^ipected  betueen  turbulent  mass  exchange 
and  Tdnd  speed*  Figure  7  shoue  that  such  a  relation  does  exiat* 
Here  falues  of  the  coefficient  obtained  close  to  the  ehore  are 
plotted  against  the  aTsrage  eind  speed  for  the  entire  layer* 


COEFFICIENT  OF  TURBULENT  MASS  EXCHANGE, gm  cm~lMC~*x  10^ 


FIG. 7 
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7  Appendix 

1.  S\q;>plaoantar]r  Obserratlons  and  Weather  Conditiona  during  the 
Obeerration  Periods 

Table  7  has  been  eoopllad  to  present  supplaoentary  obserratlons 
taken  daring  the  dajn  seleetad  for  the  plane  paychrogri^h  obserratlona. 
The  ralues  entered  here  are  arerages  for  the  period  of  <A)serration 
and  are  not  neeeesarlljr  oharaeterlstlo  of  the  entire  day*  The  eoloBa 
headed  pt^aure  gives  the  atoospherlo  pressure  as  neasured  with  a 
joeourial  barooMter*  The  eduBn  labeled  Sky  Conditions  deserlbes  the 
amount  and  type  of  low  eloud  present  In  the  sounding  areas  at  the  time 
of  obeerration*  Data  was  taken  from  the  airplane  observer's  notes. 

The  wind  direetion  and  speed  presented  in  the  table  is  the  average  for 
the  homogeneous  layer  as  detexvined  for  pilot  balloon  nine  and  surfaee 
data*  Oireotioos  are  in  degrees  ehile  speeds  are  eoqproesed  in  asters 
per  seconds*  Water  teiqMratureB  sere  obtained  as  foUoss}  (1)  a  dip 
buoket  thenKiwter  used  either  at  the  dodc  in  Woods  Hole  Harbor  ox*  from 
a  boat  in  or  near  the  sounding  area,  (2)  a.  battaythemograph  in  the  sound* 
ing  area,  and  (3)  di^  buoket  teogierature  at  the  eastern  entranoe  of  the 
Caps  Cod  Canal,  taken  and  made  available  by  Ur*  WlUiaa  Winsor,  Deputy 
Sheriff  of  Barnstable  Co*  The  saturation  idxing  ratio  is  givsn  in  the 
last  eolnnn*  It  aas  ocnputed  from  the  water  taspsraturs  ond  the  surfaee 
pressure* 

2*  Qnfitm  of  Soundings  and  Oisoussion  of  Data 

In  Plguros  8>23,  potential  taopsrature  and  miidng  ratios  are 
plotted  against  eosputed  heights  axprssssd  in  maters*  Four  aoieturs 
eross  seotions  and  one  i^^iper  air  lup  are  ixmluded  In  the  aeries  of 
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flfiurM.  Large  dote  are  used  In  plotting  tha  potential  tenperaturee. 
Itoualljr  onljr  one  eoundlng  of  the  eerlee  le  plotted,  but  if  a  elgnlfi- 
oant  change  ooeurs  In  the  tenperature,  additional  polnte  of  another 
Bounding  are  plotted  irith  a  large  X*  The  water  teoperature,  reduced 
adlabatleally  aa  thou^  It  were  an  air  teoperature  to  1000  oh,  la 
Indieoted  b7  an  arrow  and  0^ .  Mixing  ratioe  are  plotted  with  the 
following  eynbols}  0  for  the  firet  eoundlng  taken  over  the  land,  *  for 
the  second  Bounding  of  the  series,  and  an  x  for  ths  last  sounding, 
m  Most  oases  all  Talues  of  the  adxlng  ratio  have  been  plotted,  Onis- 
sions  have  been  made  onlj  to  relieve  crowding. 

The  inversion  at  the  top  of  the  homogeneous  lagper  has  been  indi¬ 
cated  bj  a  horiaootal  line,  although  it  Is  easily  distinguishable  by 
the  decrease  in  mixing  ratio  and  the  increase  in  potential  taaperm- 
tuxe. 

The  map  of  sontbeastem  Massachusetts  is  inserted  to  show  the 
location  of  the  sounding  areas  and  the  wind  direction.  The  syabols 
indicating  sounding  areas  oorrespond  to  the  ones  used  In  plotting 
nixing  ratios. 

A  discussion  of  the  days'  soundings  aoeo^paniss  the  graphs. 

Sept.  23,  1%7 

This  series,  the  first  of  all  the  observatione,  gives  nixing  ratio 
▼alusa  to  only  700  asters  since  the  resistance  of  ths  wet-bulb  teogiere- 
ture  elaasnb  exeesdsd  ths  range  of  the  anpliflsr  at  this  haigiit.  The 
drgMOulb  ts^ierature  oontlnnsd  on  seals  until  the  top  of  the  hceogonaous 
layer  was  reached.  The  ooogmtaticn  of  acounlation  of  moisture  wes 
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Buuto  by  MauBing  tbIubs  of  the  oixlne  ratio  between  the  700  a  lerel 
and  the  top  of  the  hooogeneoua  layer  at  1200  a.  Thia  aeriee  haa  the 
paoellarity  that  a  large  Inereaea  of  moisture  doeurred  between  the 
first  and  second  aotmdlnga  taken  3  km  apart*  For  oooqputatlonB  of 
mater  ropar  tlaa^  the  average  of  these  two  soundings  mere  used  as  the 
Initial  point* 

A  mixing  ratio  cross  section  has  been  prepared  to  shorn  the  rq>id 
inersaae  near  the  Tdndmard  shore*  Values  of  the  nixing  ratio  have 
been  entered  at  the  proper  hel^  and  distance  from  the  Initial  sound¬ 
ing*  Values  of  equal  water  rapor  content  have  been  connscted  by  solid 
lines*  Ihe  height  of  the  homogeneous  layer  la  Indicated  by  short 
horlaontal  lines* 

Oct.  1,  1947 

Ihs  four  soundings  of  this  series  show  two  peculiarities  worthy 
of  note*  0ns  la  that  tbs  second  and  third  soundings  obtained  in  the 
main  body  of  the  homogeneous  layer  have  a  smaller  mixing  ratio  than 
the  sounding  taken  overland*  Convective  action  sdght  account  for 
this  although  no  cumulus  clouds  ware  present  in  ^  area.  The  second 
phenonsncn  noticed  la  a  large  mass  of  air  centered  at  600  a  with  a 
very  high  nixing  ratio*  The  value  of  3*6  0^cg  Is  0*2  higher  than 
tbs  value  measured  at  15  m*  A  cross  section  drawing  is  given  to  show 
these  occurrsnoss* 

Values  of  the  flow  of  water  vcpor  were  found  by  using  the  average 
of  the  first  two  soundings  for  the  initial  point*  The  flow  for  the 
8-16  km  distance  is  abnormally  hlg^  because  of  the  axlstenee  of  the 
moist  bubble  of  air  Just  asntloned* 
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POTENTIAL  TEMPERATURE,  ‘K  MIXING  RATIO, gm/kg 


Oct.  1,1947 
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Figure  11 


16  km 


.  29  *• 

The  e^tlye  balloon  eoundloce  obtained  ore  presented  in  the 
insert  of  Figure  10  for  the  instruments  were  working  perfectly  on 
this  day  and  the  measurements  are  reliable.  These  soundings  are 
used  in  conjunction  with  the  airplane  soundings  to  dstenaine  raluss 
of  the  exchange  coefficient  at  frequent  height  Intenrals,  Earlier 
in  this  report,  it  was  pointed  out  that  raluee  could  not  be  accurately 
dstexnined  for  small  height  ranges.  Values  for  this  day  are  eaq)uted 
at  fire  heights  to  show  the  magnitude  of  the  variation.  The  accuracy 
of  these  tsIuss  Is  not  great  for  it  is  limited  by  the  eddy  nature  of 
the  atmosphere.  Table  VI  gives  the  observed  gradients  detexmined  graph- 
Ically,  Table  VII  gives  the  flow  of  eater  vapor  through  the  surfaces 
and  the  values  of  the  exchange  coefficient. 


TOble  VI 

Mixing  Batio  (hradlents 


Heights 

Sounding  #1 

cm"^  X  10"’ 

Sounding  02 

Sounding  #3 

Soundli^ 

m 

1-5 

m 

-5800 

-4800 

-2600 

5-10 

> 

- 

•2d 

-28 

50-150 

-32 

-10 

-7 

-12 

300-700 

-7 

-3 

-6 

•9 

700-1000 

-17 

-16 

-9 

-4 
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Tkble  m 

Water  7apor  Flow 

-2  -1  -5 

cm  aee  x  10 

Sounding  /jl  to  Sounding  //3  to  Sounding  {flto 


0 

2A 

11 

6.7 

90 

2.0 

10 

6.2 

510 

1.8 

6.9 

4.4 

1005 

1.5 

2.5 

2.0 

Coefficient  of  Turbulent  liaae  Exchange 

-1  -1 

gm  cm  aee 

L-5 

4.5 

30 

15 

5-10 

650 

3900 

2400 

90 

1500 

10500 

5400 

510 

3400 

9200 

6900 

1005 

1400 

3800 

2300 

Nor.  9,  1947 

The  air  naes  naa  colder  thia  day  oauaing  the  wet  bulb  to  freeae 
at  -  3*0^C«  7aluea  of  the  nixing  ratio  were  deteiained  b/  uaing  aat- 
uration  raluea  over  ice  and  the  beat  of  auhliaation  of  ice  in  the 
paychronatrio  equation.  Itie  Bounding  In  the  adddle  of  the  bay,  where 
the  airplane  daeeended  had  to  be  oadtted  for  the  frozen  wiek  began 
thawing  at  aoow  undateralned  height. 

The  inveraion  at  the  top  of  the  honogenaoua  layer  eaa  not  reaehod 
at  6000  feat,  but  little  error  can  be  Inbrodueed  by  totaling  aoiature 
to  thia  level.  5AO  coverage  of  atratua  cloada  occurred  at  tlnaa 
in  the  aounding  area  above  the  plane.  The  elouda  had  little  or  no 
vertioal  devalopaant  and  probably  did  not  plaree  the  inveraion  and 
allow  the  aolature  to  adz  into  the  upper  air. 


HEIGHT  .  meters 
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Nov.  lOf  1%7 

The  mt  bulb  froze  on  thle  day  permitting  only  the  aseente  to 
be  used  In  the  reduction  of  mixing  ratio  values.  The  height  of  the 
homogeneous  layer  had  louered  so  that  the  sounding  extended  iq>  through 
the  inversion. 

Nov.  13,  1947 

The  top  of  tha  honogeneoxis  layer  eas  not  reached  on  this  day. 

5/lX)  cumulus  elouds  sere  observed,  creating  the  possibility  that  the 
determined  value  of  the  flov  is  too  losr  due  to  leakage  of  moisture 
through  the  inversion. 

Nov.  17,  1947 

The  eet  bulb  froze  again  on  this  day,  but  the  sounding  teehnique 
had  been  changed  to  suking  observations  only  during  the  ascent  of  the 
plane.  This  procedure  aliosed  the  net  bulb  to  thaw  during  the  loser 
part  of  the  descent,  and  to  be  ready  for  dbeervations  after  a  brief 
run  at  tha  lonest  level.  The  inversion  was  reached  and  penetrated  by 
the  plane  during  the  first  sounding  only. 

A  cross  section  of  the  region  is  included  to  explain  the  negative 
value  of  transport  given  in  Table  I.  It  is  seen  that  ths  values  ln> 
creased  greatly  betveen  the  first  and  second  sounding,  ehlle  the  values 
dropped  In  the  UOO-600  a  region  betveen  ths  second  and  third  soundings. 
In  spite  of  this  there  hss  occurred  a  large  increase  in  ths  water 
vapor  between  the  first  and  third  soundings.  This  exsople  serves  as 
a  remindsr  of  the  eddy  nature  of  the  air,  and  that  fine  detail  cannot 
be  derived  from  a  series  of  single  ascents. 
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S«pt.  1948 

The  dlreotloQ  of  the  Bounding  path  waa  idthln  5°  of  the  average 
ulnd  detenilned  for  the  homogeneoue  layer.  2/10  coverage  of  evoiulua 
olouda  eere  obaervod  in  the  area.  A  oubuIub  cloud  with  amall 
vertloal  atrueture  developed  idthln  the  spiral  of  the  second  sound¬ 
ing.  runs  trare  made  through  the  oloud  yielding  mixing  ratio 
values.  The  f  earanoe  of  the  oloud  and  the  accompanying  convective 
currents  In  the  aseent  spiral  caused  the  moisture  distribution  to 
change  radically  from  the  normal.  This  led  to  uncertain  values  of 
the  transport  of  mater  vapor,  and  eaplains  the  large  values  oeeurrli^ 
betmaen  the  first  and  second  soundings  and  the  negative  transport 
between  the  second  and  third.  For  this  reason  the  values  obtained 
from  the  first  and  third  are  much  more  representative  of  transport 
by  sddy  diffusion. 

The  graph  of  the  mixing  ratio  of  the  second  sounding  sboNS  a 
separation  of  the  values  Into  two  groupa  above  the  top  of  the  homogene¬ 
ous  layer.  One  foUoee  the  decreasing  curve  of  the  first  end  third 
eoundlnge  ehlle  the  other  branch  coatlnuee  with  the  high  values  of  the 
bcmogeneouB  layer  iqp  to  the  1600*1700  m  level  where  the  oloud  oxiatecU 
A  eroas  aeotlon  of  the  air  has  been  drawn  to  show  the  effect  of  the 
convective  activity  on  tha  moisture  distribution.  Tho  increase  of 
moisture  with  distance  travelled  over  the  water  and  the  eumnluB  clouds 
are  shown  clearly. 

Sept,  15.  1948 

The  usual  procedure  of  compu^ng  water  vapor  flows  and  eoDObangs 
ooeffloieBts  had  to  bo  cospletely  modified  to  analyee  the  soundings  of 
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this  da7*  The  tdnd  structure  sas  not  characteristic  of  the  hODOgeneous 
layer  for  the  layer  was  divided  into  tv/o  streaois  flotdnc  in  different 
directlOTS,  Pilot  balloon  observatlone  showed  a  layer  frolt  0-700  m 
having  a  280^  4*^  V*  wind,  and  a  layer  frco  700-2100  m  having  a 
320^  6*4  V"  nind.  The  wind  of  the  lower  layer  was  varlablSf  shoeing 
variations  fron  40°  0*6  V*  to  330°  3*0  m/n  In  two  hours  at  li7oods 
Hole,  In  deteminlng  the  avexege  wind  of  the  loner  layer,  groat 
weight  was  assigned  to  readings  taken  from  a  boat  near  the  base  of 
the  second  sounding  at  the  tins  that  the  airplane  was  making  the  second 
sounding. 

The  prooedure  adopted  to  derive  values  of  flow  for  this  case  is  to 
(1)  ecBgnxts  the  flow  Into  tba  top  stream  of  air  through  the  700  m 
aurfaoe  in  the  usual  manner,  (2)  compute  from  this  flow  the  amount  of 
vipor  that  leaves  tbs  lower  layer  during  Its  passage  from  land  to 
tbs  next  eounding  area,  (3)  add  this  loss  of  vapor  to  the  aeeuaulatlom 
found  In  the  loner  Isyer  to  determine  the  flow  of  vapor  into  the 
layer  from  the  water  surface  b^ow  It,  Figure  20  ahoss  the  two  cur¬ 
rents  of  air  dram  in  green  and  red  and  tbs  geography  of  the  region. 
Values  of  the  exchange  ooeffioient  are  found  for  the  two  layers. 

Sept,  16,  1948 

The  average  wind  was  360^  while  tbs  orisixtation  of  the  sounding 
areas  was  350°,  Tbs  air  blew  south  over  the  watsre  of  Bussards  Bay 
and  passed  over  parts  of  the  EUaabsth  Islanda  before  being  awasured 
again.  The  values  of  transport  and  diffusion  are  modified  somsiiisft 
by  tbs  passage  over  the  Islmnds  and  are  not  strlotly  typical  of  trans¬ 
port  froB  water  surfaoee. 
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Sapt.  22,  1946 

This  aeriee  has  been  juntloned  briefly  In  an  earlier  part  of 
the  report  for  It  offered  data  that  has  been  used  to  evaluate  the 
adjdng  of  eater  v^or  through  the  inversion  above  the  hooogeneoue 
layer.  This  eoBqjutation  could  be  made  because  the  air  above  600  m  eae 
isothemal  to  2000  m.  It  nas  noted  that  this  stable  air  loot  eater 
yapor  as  it  travelled  over  the  water.  This  would  only  mean  that  the 
vapor  was  mixed  into  the  t^jper  air  and  that  the  mixlns  in  stable 
air  was  many  times  greater  than  the  mixing  through  the  strong  inversion 
below*  Thus  any  measurement  of  the  transport  of  vapor  In  the  stable 
air  must  be  many  timee  larger  than  by  the  transport  through  the  Ixi- 
verslon.  The  eooQ>utation  was  made  by  measuring  the  depletion  of 
moisture  in  the  600  »-1400  m  region  and  assuming  that  all  of  this 
amount  mixed  v^ward  through  the  1400  m  surface.  This  leads  to  a  value 
of  4.7  X  10*^  gm  ooT^  seo'^,  corresponding  to  an  exchange  ooeffiolant 
of  200  ga  coT^  sso**^.  Since  tbs  potential  temperature  l^>se  rate  was 
lees  in  the  stable  layer  than  in  the  thin  inversion  layer,  the  transport 
through  the  inversion  must  be  eeveral  timse  lees.  Under  the  assumption 
that  ths  transport  is  about  five  times  less  in  the  boundary  Inversion, 
Its  Talus  will  bs  I  X  10*  ga  eaT^  ssc  •  The  aoisture  grediant  has 
been  measured  by  inepection  to  be  -  16  x  10  omT  •  This  leads  to  an 
•xohange  ooeffiolent  of  6  ga  omT^  sec'^. 

Tbs  eoBqnited  values  of  ths  transport  and  sxehanga  in  ths  homo> 
goneous  layer  ware  obtained  in  the  usual  manner. 

Ths  value  of  A  for  the  stable  region  nay  be  identified  with  the 
"reeldual  turbulence"  disoussed  by  Roseby  and  Uonbgonery  (1935)*  Ths 


-  35  - 

Tslu*  of  50  0&  onT^  see"^  tna  aaauDad  by  th«&,  after  RJ 
be  a  reaaonable  value.  The  value  of  200  determined  hei 
ajpreeoest  oonelderlng  the  different  manner  of  ccopitatj 

Oot.  13«  1948 

A  eounding  area  mae  selected  in  Cape  Cod  Bay  to  ti 
of  a  coastline  nearly  perpendicular  to  the  245°  mind, 
sounding  mas  taken  at  Plyoouth,  the  other  at  Race  Point 
distanoe.  Thermal  oonditiona  of  this  series  were  diffe 
others  in  that  the  air  sas  2Pc  narmer  than  the  water, 
the  developaeiit  of  an  inversion  over  the  water  with  a  c 
deerease  in  turbulence  and  traneport  of  water  vapor.  1 
of  tranepooEt  is  shown  in  Figure  6. 

The  confutations  of  the  eocohange  eoeffleint  for  t 
from  equation  (I)  give  a  value  of  103  omT^  see'~^,  wli 
ent  and  reasonable.  The  hl^  value  of  9400  for  the  opp 
the  homogeneous  layer  offers  an  interesting  pussls.  It 
oonsiatent  with  the  overland  values  for  the  wind  speed 
question  that  arises  is  whether  the  tutbulenoe  can  oonfe 
rate  over  cooler  water  for  a  distanoe  of  30  km.  The  fa 
the  soliAion  difficult  to  analyse  is  that  the  ra 

(6.7  X  10*^  obT^  overland  was  positive.  If  this  were 
the  average  as  being  a  ehanoe  value  depending  on  the  ea 
large  parcel  of  moist  air  at  1100  n,  then  the  value  of 
reduoed  to  1500  pa  em'~^  eoe"^,  a  value  that  seems  more 
the  conditions, 

Nov.  16,  1948 

This  is  a  typioal  ease  of  aodificaticn  of  air  by  1 
water.  The  wind  was  steady  and  nothing  occurred  to  eon 
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